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Abstract: The quadrotor unmanned aerial vehicles (UAV) systems have been getting more focus recently from researchers and 

engineers due to their outstanding impact and wide range of applications either in civilian or military. In this article, the sliding mode 

controller has been designed to control the attitude of the quadrotor as the inner loop controller. The major aim in this research is to 

reduce the chattering associated with the conventional sliding mode control (SMC), by implementing the adaptive fuzzy gain 

scheduling SMC technique (AFGS-SMC). Meanwhile, the performance of the proposed control has been evaluated in the presence of 

the model parameters uncertainty. The PD controller has been implemented as an outer loop controller to control the quadrotor 

position and supply the inner loop proposed controller (AFGS-SMC) with the desired generated quadrotor's attitude. Finally, the 

performance of the proposed AFGS-SMC controller has been evaluated by simulation in Matlab/Simulink platform, and compared 

with the classical SMC, in terms of chattering attenuation and robust trajectory tracking in the presence of the parameter uncertainty 

in the mass of the quadrotor UAV.  
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1. INTRODUCTION 

In recent time, the quadrotor unmanned aerial vehicles 
(UAVs), gained a remarkable focus from researches and 
engineers due to its wide range of applications, in both 
military and civil sectors. The quadrotor UAVs consist of 
four independent controlled rotors which enable it to 
perform landing and take-off vertically. Quadrotors are 
considered as a promising platform for many applications 
such as surveillance, ecological monitoring, rescue 
operations, and aerial photography [1], [2]. As per the 
quadrotor's applications are significantly growing; 
consequently, a robust controller design is essential to 
enable the quadrotor to accomplish the assigned tasks. 

The quadrotor is a nonlinear system, with an 
underactuated and coupled dynamics. These challenges 
must be considered in the controller design phase. There 
are many control techniques employed to the quadrotor, 
for instance, PID [3], [4], feedback linearization [5], [6], 
adaptive control [7], [8], and sliding mode controllers [9]. 

The sliding mode control (SMC) is a nonlinear 
controller that pushes the trajectories to reach the sliding 
surface in a finite time and stay on it thereafter. The main 
advantage of the SMC is the robustness against the 
parameter variations with a finite-time to reach the sliding 
surface [10]–[12]. However, the chattering problem is one 
of the main drawbacks of classical SMC. 

 

There are several methods proposed in the literature to 
reduce the chattering influence by keeping the chattering 
within an acceptable limit [13]–[16]. The chattering leads 
to serious problems such as vibration in the mechanical 
parts and heating in electronics kits which increases the 
power consumption. Furthermore, the switching control in 
SMC control law induces high-frequency dynamics 
neglected in the modelling stage, such as unmodeled 
structural dynamic and time delay [17]. 

Fuzzy logic control (FLC) considered as one of the 
most brilliant applications of fuzzy set concept which 
introduced by Lutfi Zada at 1965 [18]. FLC is an essential 
branch of intelligent control filed that develops human 
experience and expertise about the plant in the controller 
design process. Moreover, it is a model-free method 
where the mathematical model is not required [19]. The 
AFGS-SMC controller has been designed for the attitude 
and the altitude in [2] while AFGS-SMC developed 
considering the attitude subsystem only [20], however in 
both works the outer loop controller for the position was 
not considered.  

In this paper, AFGS-SMC controller has been 
developed as inner loop controller to stabilize and track 
the desired quadrotor attitude, while a fuzzy logic system 
(FLS) used to schedule sliding mode controller switching 
gain based on the deviation of state trajectories from 

http://dx.doi.org/10.12785/ijcds/090210 
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sliding surface. The PD controller is used as an outer loop 
controller to stabilize the quadrotor’s position and supply 
the inner loop proposed controller (AFGS-SMC) with the 
desired generated quadrotor's attitude. The performance of 
the proposed controller is examined under an ideal 
operating condition with nominal parameters, as well as in 
the presence of the quadrotor’s mass uncertainty.  

The rest of the article structured in the following 
pattern, section two briefly presented the quadrotor 
mathematical modelling. In section three, the proposed 
controllers (AFGS-SMC inner loop) is developed, and the 
PD is used as an outer loop control to generate the desired 
attitude. Section four showed the simulation results. 
Finally, section five concluded the article. 

2. QUADROTOR DYNAMICS MODEL 

A. Model Description  

The quadrotor UAV composes from four rotors which 
fixed in a cross configuration as depicted in Figure 1 to 
generate the lift forces (𝐹1, 𝐹2, 𝐹3, 𝐹4). 

 
Figure 1. Quadrotor UAV configuration 

The four rotors are divided into two pairs, rotors (1, 3) 

represent the front and rear, while rotors (2, 4) represent 

the left and the right rotors as depicted in Fig. 2. Rotors 

(1, 3) rotate in a clockwise direction, while rotors (2, 4) 

rotate in an anti-clockwise direction. 

 

 
Figure 2. Rotors numbering in an anticlockwise direction 

Table 1, and Figure. 3, are mapping all possible 

movements of the quadrotor in the free space. 

TABLE 1 ALL POSSIBLE MOVEMENTS OF THE 

QUADROTOR ASSOCIATED WITH THE ROTORS’ SPEEDS. 

 Rotor(1) Rotor(2) Rotor(3) Rotor(4) 

Take-off     

Landing     

Right -  -  

Left -  -  

Forward  -  - 

Backward  -  - 

Clockwise     

Anti-
Clockwise 

    

 

Where (  ) denotes the increment of the rotor speed, while  

( ) denotes the decrement of the rotor speed. The 

increment and decrement of rotors speed happen 

simultaneously with the same proportion. 

 

 
 

Figure 3. Quadrotor UAV Possible Motions 

B. Quadrotor UAV Kinematic Model 

There are two frames: earth fixed frame (E-frame) 
denoted by 𝐄 = (𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒)  and body fixed (B-frame) 
𝑩 = (𝑥𝑏 , 𝑦𝑏 , 𝑧𝑏) as depicted in Figure 1.  

Assume that 𝒒 = (𝑥, 𝑦, 𝑧, 𝜙, 𝜃, 𝜓) ∈ 𝑅6 represents  the 
generalized coordinates of the quadrotor, where (𝑥, 𝑦, 𝑧) 
are the quadrotor position, while (𝜙, 𝜃, 𝜓) are the three 
Euler angles (literally are roll, pitch and yaw). The 
quadrotor mathematical model can be represented into 
two coordinate subsystems: the translational and the 
rotational subsystems. Therefore, the generalized 
coordinates of the quadrotor can be re-written as follows: 

 𝒒 = [𝝃, 𝜼]𝑇 
Where,  

 𝛏 = [𝑥, 𝑦, 𝑧]𝑇 (2) 

And,  

 𝛈 = [𝜙, 𝜃, 𝜓]𝑇 (3) 

Where, 𝛏  descripts the translational motion while 𝛈 

represents the rotational motion. 
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C. Quadrotor Dynamic Model 

The dynamic equations of the quadrotor UAV are 
given as follows: 

 

𝑥̈ =
𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 + 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓

𝑚
𝑢4 

𝑦̈ =
𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 − 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓

𝑚
𝑢4 

𝑧̈ = −𝑔 +
𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜃

𝑚
𝑢4 

𝜙̈ = 𝜃̇𝜓̇
𝐼𝑦 − 𝐼𝑧

𝐼𝑥
+ 𝜃̇Ω𝑑

𝐽𝑟
𝐼𝑥

+
1

𝐼𝑥
𝑢1 

𝜃̈ = 𝜙̇𝜓̇
𝐼𝑧 − 𝐼𝑥

𝐼𝑦
+ 𝜙̇Ω𝑑

𝐽𝑟
𝐼𝑦

+
1

𝐼𝑦
𝑢2 

𝜓̈ = 𝜃̇𝜓̇
𝐼𝑥 − 𝐼𝑦

𝐼𝑧
+

1

𝐼𝑧
𝑢3 

(4) 

Where 𝑢1, 𝑢2, 𝑢3, 𝑢4  are the control inputs of the 

quadrotor UAV and have the following formula: 

 

𝑢1 = 𝑏(Ω4
2 − Ω2

2) 

𝑢2 = 𝑏(Ω3
2 − Ω1

2) 

𝑢3 = 𝑑(Ω4
2 + Ω2

2 − Ω3
2 − Ω1

2) 

𝑢4 = 𝑏(Ω1
2 + Ω2

2 + Ω3
2 + Ω4

2) 

(5) 

While Ω𝑑represents the disturbance, and expressed as 

follows: 

 Ω𝑑 = −Ω1 + Ω2 − Ω3 + Ω4 (6) 

The control inputs (5) can be written in matrix as:  

 [

𝑢1

𝑢2

𝑢3

𝑢4

] = [

𝑏 𝑏 𝑏 𝑏
0 −𝑏 0 𝑏

−𝑏 0 𝑏 0
−𝑑 𝑑 −𝑑 𝑑

]

[
 
 
 
 
Ω1

2

Ω2
2

Ω3
2

Ω4
2]
 
 
 
 

   (7) 

 

[
 
 
 
 
Ω1

2

Ω2
2

Ω3
2

Ω4
2]
 
 
 
 

[

0.25 0 −0.5 −0.25
0.25 −0.5 0 0.25
0.25 0 0.5 −0.25
0.25 0.5 0 0.25

]

[
 
 
 
 
 
 
 
𝑢1

𝑏
𝑢2

𝑏
𝑢3

𝑏
𝑢4

𝑏 ]
 
 
 
 
 
 
 

 

 

 (8) 

3. CONTROL DESIGN 

As depicted in Figure 4, the AFGS-SMC has been 
designed as an inner loop controller for quadrotor’s 
attitude control, and PD has been designed as an outer 
loop controller for quadrotor’s position control. 

 

Figure 4. Overall quadrotor control system block diagram 

A. Inner loop AFGS-SMC control 

The control objective is to design the inner loop SMC 
controller to stabilize the attitude error dynamics. The 
desired attitude given by (𝜙𝑑 ,θ𝑑 ,ψ𝑑), while the measured 
attitude is (𝜙, θ, ψ) The SMC control task is to stabilize 
the error dynamics asymptotically, which yields to: 

𝑙𝑖𝑚
𝑡→∞

𝑒𝜙 = 0 

𝑙𝑖𝑚
𝑡→∞

𝑒𝜃 = 0 

𝑙𝑖𝑚
𝑡→∞

𝑒𝜓 = 0 

(9) 

where, 

𝑒𝜙 = 𝜙 − 𝜙𝑑  

𝑒𝜃 = 𝜃 − 𝜃𝑑  
𝑒𝜓 = 𝜓 − 𝜓𝑑 

(10) 

The first step is to define the tracking errors as in (10).  

The second step is to select the sliding surface as follows, 

[1]: 

𝑠 = (
𝑑

𝑑𝑡
+ 𝑘𝑥)

𝑛−1

𝑒  (11) 

Therefore, from (10) and (11) the sliding surfaces for 

attitude angles yields to, 

𝑠𝜙 = 𝑒̇𝜙 + 𝑘𝜙𝑒𝜙 

𝑠𝜃 = 𝑒̇𝜃 + 𝑘𝜃𝑒𝜃  
𝑠𝜓 = 𝑒̇𝜓 + 𝑘𝜓𝑒𝜓 

(12) 

where, 𝑠𝜙,s𝜃and 𝑠𝜓represent the sliding surfaces for roll, 

pitch and yaw, respectively. While 𝑘𝜙,k𝜃 and 𝑘𝜓 are 

positive constants (controller gains). 

The 3rd step is to apply the sliding mode condition as 

follows, 

𝑠̇ = −𝑘1 𝑠𝑔𝑛( 𝑠) − 𝑘2𝑠 (13) 

Now, from equations (10), (12) and (13), yields to, 

𝜙̈ = 𝜙̈𝑑 − 𝑘𝜙𝑒̇𝜙 − 𝑘1𝜙
𝑠𝑔𝑛( 𝑠𝜙) − 𝑘2𝜙

𝑠𝜙  

𝜃̈ = 𝜃̈𝑑 − 𝑘𝜃𝑒̇𝜃 − 𝑘1𝜃
𝑠𝑔𝑛( 𝑠𝜃) − 𝑘2𝜃

𝑠𝜃 

𝜓̈ = 𝜓̈𝑑 − 𝑘𝜓𝑒̇𝜓 − 𝑘1𝜓
𝑠𝑔𝑛( 𝑠𝜓) − 𝑘2𝜓

𝑠𝜓 

(14) 

where 𝑘1𝜙
,k1𝜃

,k1𝜓
>0  and 𝑘2𝜙

,k2𝜃
,k2𝜓

>0  are controller 

gains. Substitute (4) (the attitude subsystem) into (14) 

yields to the inner loop SMC control laws: 

𝑢2 = 𝐼𝑥(𝜙̈𝑑 − 𝑎1𝜃̇𝜓̇ − 𝑎2𝜃̇𝛺𝑑 − 𝑘𝜙𝑒̇𝜙

− 𝑘1𝜙
𝑠𝑔𝑛( 𝑠𝜙) − 𝑘2𝜙

𝑠𝜙) 

𝑢3 = 𝐼𝑦(𝜃̈𝑑 − 𝑎3𝜙̇𝜓̇ − 𝑎4𝜙̇𝛺𝑑 − 𝑘𝜃𝑒̇𝜃

− 𝑘1𝜃
𝑠𝑔𝑛( 𝑠𝜃) − 𝑘2𝜃

𝑠𝜃) 

𝑢4 = 𝐼𝑧(𝜓̈𝑑 − 𝑎5𝜙̇𝜃̇ − 𝑘𝜓𝑒̇𝜓 − 𝑘1𝜓
𝑠𝑔𝑛( 𝑠𝜓)

− 𝑘2𝜓
𝑠𝜓) 

(15) 

B. Chattering attenuation  

The chattering is the phenomenon of finite-frequency, 

finite-amplitude oscillations occurred in control systems 

with sliding mode control [2]. Due to the presence of sign 

function in the designed SMC chattering will be induced 

in the controller output and the intensity of this chattering 

is proportional to the sign function gain. A FLS based on 

Takagi-Sugeno model is designed to change controller 

gains 𝑘1𝜙
,k1𝜃

,k1𝜓
 (adaptively). Figure 5 depicts FLS 

general architecture where for roll, pitch and yaw angles 
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FLS input is sliding surface and its derivative while 

controller gains (𝑘1𝜙
, 𝑘1𝜃

, 𝑘1𝜓
) is its output. 

 

Figure 5. FLS general architecture 

 

Unified Gaussian membership function is selected to 

represent the FLS inputs, while the output is represented 

by a constant membership function. Inputs sets are 

defined {NL, NS, ZE, PS, PL}, where “PL” indicates 

positive large, “PS” indicates positive small, “ZE” 

indicates zero, “NS” indicates negative small, and “NL” 

indicates negative large. While output sets selected as 

{VL, L, M, H, VH}, where “VH” indicates very high, 

“H” indicates high, “M” indicates medium, “L” indicates 

low, and “VL” indicates very low. Figure 6 shows the 

inputs membership function, and Figure 7 presents the 

FLS surface.  

 
Figure 6. FLS inputs membership 

 
Figure 7. FLS surface 

The rules are designed according to the deviation of 

state trajectories from the sliding surface, where the 

controller gain is high when state trajectories are far 

away from the sliding surface and low once the state 

trajectories reached sliding surface. Table 2 illustrates 

fuzzy rules. 
TABLE 2. FUZZY RULES 

k 
                         

                       𝑺̇ 

NL NS ZE PS PL 

 
𝑺 

PL M L VL VL VL 

PS H M L L VL 

ZE H H M L L 

NS VH H H M L 

NL VH VH VH H M 

 

where each rule has the following form: If 𝑆 is x and 𝑆̇ is 

y, then output level k=c, (c  𝑖𝑠 𝑎 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ). The FLS 

final output is given by the weighted average of the 

whole rules output[3]. 

𝑜𝑢𝑡𝑝𝑢𝑡 =
∑ 𝑤𝑖𝑘𝑖

𝑁
𝑖=1

∑ 𝑤𝑖
𝑁
𝑖=1

 
(16) 

where 𝑤𝑖   represents rule firing strength and N is the 

rules number.  

C. Outer loop controller  

The dynamic model of the quadrotor UAV presented 

in (4) is an underactuated system because there are six 

outputs [x,y,z,𝜙,θ,ψ]𝑇which are controlled by four control 

inputs [𝑢1,u2,u3,u4]
𝑇 only. Therefore, to deal with this 

underactuated property, the virtual PD control inputs are 

designed as in [4], [5]. Therefore, the underactuated 

subsystem is: 

𝑥̈ = (𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 + 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓)
𝑢1

𝑚
 

𝑦̈ = (𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 − 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓)
𝑢1

𝑚
 

𝑧̈ = −𝑔 + (𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜃)
𝑢1

𝑚  

(17) 

The above equation (17) can be written in the 

following format: 

𝑈 = [

𝑈𝑥

𝑈𝑦

𝑈𝑧

] = [

𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 + 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜓
𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 − 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜓

𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜃
]
𝑢1

𝑚
− [

0
0
𝑔
]
 

(18) 

where, 𝑈 = [𝑥̈, 𝑦̈, 𝑧̈]𝑇.  

 

The virtual controls enable us to control the 

translation motion (position) along x, y, and z indirectly 

by the three inputs (𝑢1, 𝜙𝑑and 𝜃𝑑). As shown in Figure 8, 

the outer loop controller takes the desired (𝑥𝑑 , 𝑦𝑑 , 𝑧𝑑) and 

actual ( 𝑥, 𝑦, 𝑧 ) trajectory and generates the virtual 

controls ( 𝑈𝑥 , 𝑈𝑦 , 𝑈𝑧 ). The invertor takes these virtual 

controls along with the desired yaw angel (𝜓𝑑 ) as the 

inputs to generate the lift force (𝑢1), desired rolling (𝜙𝑑), 

and desired pitching (𝜃𝑑) motions.  
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Figure 8. Virtual control inputs and outputs [4]. 

 

From (18), underactuated subsystem for the translation 

motions can be written as follows: 

𝑈𝑥 =
𝑢1

𝑚
(𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 + 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓) 

𝑈𝑦 =
𝑢1

𝑚
(𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜓 − 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓) 

𝑈𝑧 =
𝑢1

𝑚
(𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜃) − 𝑔 

 

(19) 

And, the error dynamic equations are, 

𝑒𝑥 = 𝑥 − 𝑥𝑑  
𝑒𝑦 = 𝑦 − 𝑦𝑑  

𝑒𝑧 = 𝑧 − 𝑧𝑑 

(20) 

The PD controller is implemented to generate the virtual 

control inputs as follows: 

𝑈𝑥 = 𝑘𝐼𝑥𝑒𝑥 + 𝑘𝐷𝑥
𝑒̇𝑥 

𝑈𝑦 = 𝑘𝐼𝑦𝑒𝑦 + 𝑘𝐷𝑦
𝑒̇𝑦 

𝑈𝑧 = 𝑘𝐼𝑧𝑒𝑧 + 𝑘𝐷𝑧
𝑒̇𝑧 

(21) 

where, 𝑘𝐼𝑥 , 𝑘𝐼𝑦 , 𝑘𝐼𝑧 > 0 and 𝑘𝐷𝑥
, 𝑘𝐷𝑦

, 𝑘𝐷𝑧
> 0. By taking 

the square of the both sides of (19), yields to the 

following the lift force, 

𝑢1 = √𝑈𝑥
2 + 𝑈𝑦

2 + (𝑈𝑧 + 𝑔)2 
      

(22) 

The desired roll and pitch angles are, 

𝜙𝑑 = 𝑠𝑖𝑛−1 (
𝑈𝑥 𝑠𝑖𝑛 𝜓𝑑 − 𝑈𝑦 𝑐𝑜𝑠 𝜓𝑑

𝑢1

) (23) 

𝜃𝑑 = 𝑡𝑎𝑛−1 (
𝑈𝑥 𝑠𝑖𝑛 𝜓𝑑 + 𝑈𝑦 𝑐𝑜𝑠 𝜓𝑑

𝑈𝑧 + 𝑔
) (24) 

4. SIMULATION MODEL 

The Quadrotor mathematical model (4) is simulated 

using Matlab/Simulink platform, and the model 

parameters used in this simulation is taken from [6], as 

listed in Table 3. The numerical solution of the model 

along with the proposed controllers, is solved using the 

ode45 variable-step solver (the default). Table 3 and 

Table 4 are listed the AFGS-SMC and PD controllers 

gains, respectively. 

 
TABLE 3. PARAMETERS OF THE QUADROTOR. 

Name Parameter Value Unit 

mass m 0.650 kg 

inertia on x axis Ix 7.5e-3 kgm2 
inertia on y axis Iy 7.5e-3 kgm2 

inertia on z axis Iz 1.3e-2 kgm2 
thrust coefficient b 3.13e-5 Ns2 
drag coefficient d 7.5e-7 Nms2 
rotor inertia Jr 6e-5 kgm2 
arm length l 0.23 m 

TABLE 4. SMC CONTROLLER GAINS FOR THE INNER LOOP 

Parameter 𝜙 𝜃 𝜓 

𝑘 2 2 2 

𝑘1 0.5 0.5 0.5 

𝑘2 2 2 2 
 

TABLE 5. PD CONTROLLER GAINS FOR THE OUTER LOOP 

Parameter x y z 

𝑘𝐼 2 2 2 

𝑘𝐷 1 1 1 

5. SIMULATION RESULTS AND DISCUSSION 

Two scenarios have been considered to assess the 

performance of the proposed controller. The first scenario 

shows the system response under ideal conditions using 

the nominal values of the system’s parameters while the 

second scenario evaluates response at the presence of 

uncertainty. In both scenarios, the results compared to the 

classical SMC controller. 

A) Scenario 1: Controlled system under ideal 

conditions: 

Figure 9, Figure 10 and Figure 11 show position and 

attitude trajectory tracking, respectively.  According to 

attitude errors shown in Figure 14, it can be observed that 

the classical SMC provides a slightly better tracking 

compare to the AFGS-SMC controller. However, the 

proposed AFGS-SMC controller outperforms the 

classical SMC in terms of the chattering reduction as 

depicted in Figure 12 and Figure 13, respectively which 

is play a critical role. Figure 15 depicts the adaptive gains 

where they are changing their amplitude according to the 

deviation of trajectories form sliding surface. 

 
Figure 9. 3D Spiral trajectory tracking without uncertainty 
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Figure 10. 3D 8-Shape trajectory tracking without uncertainty 

 

Figure 11. The attitude of the quadrotor 

 

 

Figure 12. SMC Control efforts 

 

Figure 13. AFGS-SMC Control efforts 

 

Figure 14. The attitude errors 

 

 
Figure 15. Control gains for AFGS-SMC 

 

B) Scenario 2: Controlled system under uncertainty 

The real-world quadrotor applications are not without 

parameters uncertainty, and in this scenario, we assume 

that the uncertainty happened in the mass of the 

quadrotor. This assumption can be interpreted by some 

existed applications of quadrotor such as payload-

carrying, spraying agricultural pesticides, photography, 

etc. In all the above-mentioned applications, the mass of 

the quadrotor is affected in a direct way by attaching an 

extra/add weight (called added mass) which is called mass 

uncertainty in the field of control design, and the designed 

or proposed controller must be able to adapt this 

uncertainty (change in the mass). 

 

Now, in this scenario, uncertainty has been 

introduced into the system mass (m), which has a 

powerful impact on system performance, as shown in 

Figure 16. At the time of 20 sec the mass has been 

increased by about 30% from the nominal value, while at 

time of 40 sec it has been backed to the nominal value, 

and again at the time of 60 sec the mass of the system has 

been changed  by about 15% increment above the nominal 

value of the mass. Finally, at the time of 80 sec and 

onwards, the mass stayed at its nominal value.  

  

Figure 17, Figure 18 and Figure 19 show the position 

and attitude trajectory tracking, respectively, at the 

presence of mass uncertainty.  According to attitude errors 

shown in Figure 22, it can be observed that the classical 

SMC offers slightly better tracking than the AFGS-SMC 
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controller. On the other hand, the proposed AFGS-SMC 

controller outperforms the classical SMC in terms of the 

chattering attenuation as exhibited in Figure 20 and Figure 

21, respectively. Figure 23 depicts adaptive the gains 

where they are changing their amplitude according to the 

deviation of trajectories form sliding manifold. 

 

  
Figure 16. Mass uncertainty 

 
Figure 17. Trajectories tracking in 3D spiral shape under parameters 

uncertainty 

 

 
 

Figure 18. Trajectories tracking in 3D 8-shape under parameters 
uncertainty 

 
Figure 19. The attitude of the quadrotor under parameters uncertainty 

 

 
Figure 20. SMC Control efforts under parameters uncertainty 

 

 
Figure 21. AFGS-SMC Control efforts under parameters uncertainty 

 
Figure 22. Attitude error under parameters uncertainty 
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Figure 23. Control gains for AFGS-SMC parameters uncertainty 

6. CONCLUSION 

The dynamic and kinematics equation of the 

quadrotor unmanned aerial vehicles (UAV) has been 

briefly introduced. The classical sliding mode controller is 

designed as the inner loop controller for the quadrotor 

UAV. However, to reduce the chattering associated with 

the conventional SMC meanwhile overcomes the 

uncertainty in the quadrotor's mass, the adaptive fuzzy 

gain scheduling SMC techniques (AFGS-SMC) is 

implemented which provided a significant improvement 

in term of chattering reduction under two scenarios, the 

nominal parameters, and uncertainty in the mass of the 

quadrotor. However, it has been observed that the 

performance of the SMC without fuzzy is slightly better 

than the proposed AFGS-SMC in term of the trajectory 

tracking. 

PD controller has been implemented as an outer loop 

controller to control the quadrotor position and generates 

the desired attitude and supply it to the inner loop AFGS-

SMC. Finally, the performance of the proposed AFGS-

SMC controller has been evaluated by simulation 

Matlab/Simulink, and compared with the classical SMC, 

in terms of chattering attenuation and uncertainty in the 

mass of the quadrotor UAV. 
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